BMP-4 is believed to play a central role in the patterning of the mesoderm by providing a strong ventral signal. As part of this ventral patterning signal, BMP-4 has to activate a number of transcription factors to ful®ll this role. Among the transcription factors regulated by BMP-4 are the Xvent and the GATA genes. A novel homeobox gene has been isolated termed Xvex-1 which represents a new class of homeobox genes. Transcription of Xvex-1 initiates soon after the midblastula transition. Xvex-1 transcripts undergo spatial restriction from the onset of gastrulation to the ventral marginal zone, and the transcripts will remain in this localization including at the tailbud stage in the proctodeum. Expression of Xvex-1 during gastrula stages requires normal BMP-4 activity as evidenced from the injection of BMP-4, Smad1, Smad5 and Smad6 mRNA and antisense BMP-4 RNA. Xvex-1 overexpression ventralizes the Xenopus embryo in a dose dependent manner. Partial loss of Xvex-1 activity induced by antisense RNA injection results in the dorsalization of embryos and the induction of secondary axis formation. Xvex-1 can rescue the effects of overexpressing the dominant negative BMP receptor. These results place Xvex-1 downstream of BMP-4 during gastrulation and suggest that it represents a novel homeobox family in Xenopus which is part of the ventral signaling pathway. q
Introduction
The organizer of vertebrate embryos was identi®ed as one of the important structures during early embryonic development. Over the years, the roles of dorsalization of the mesoderm and neural induction have been attributed to this structure (Harland and Gerhart, 1997) . The remainder of the mesoderm and ectoderm has for many years been thought to play a passive role awaiting instructive information from the organizer (Slack and Tannahill, 1992; Graff, 1997) . Although the function of the organizer has been studied by classic embryological approaches, the recent molecular analysis of this structure has provided the tools for the study and elucidation of its role. Either screening organizer speci®c cDNA libraries or using assays for genes that can perform some of the organizer functions, numerous transcription factors and secreted proteins were found to be expressed in the organizer region Lemaire and Kodjabachian, 1996; Harland and Gerhart, 1997) . Some of these gene products can perform most of the organizer activities while others perform only a limited repertoire of activities.
Genes expressed in the mesoderm forming region, the marginal zone, which are excluded from the organizer have been identi®ed and studied in recent years. Genes like BMP-4 (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995) , Wnt-8 (Christian and Moon, 1993) , the caudal genes (Pillemer et al., 1998a) , Xvent (Vox, Xom, PV, Xbr) genes (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996; Tidman-Ault et al., 1996 , 1997 Onichtchouk et al., 1998) , sizzled (Salic et al., 1997) and others have been shown to be expressed in the lateral and ventral marginal zone. Analysis of these genes has suggested the existence of regulatory interactions with genes active in the organizer to achieve the appropriate dorso-ventral patterning of the embryo (Fainsod et al., 1994; Re'em-Kalma et al., 1995; Steinbeisser et al., 1995; Fainsod et al., 1997) . BMP-4 has been shown to provide a strong ventral signal in the embryo (Ko Èster et al., 1991; Dale et al., 1992; Jones et al., 1992) . Furthermore, BMP-4 has been shown to play a central role as a signal opposing the organizer by promoting ventral mesodermal differentiation (Fainsod et al., 1994; Re'emKalma et al., 1995; Schmidt et al., 1995; Jones et al., 1996) and preventing neural and promoting epidermal differentiation of the ectoderm Wilson and Hemmati-Brivanlou, 1995; Sasai and De Robertis, 1997) . It has been shown that blocking BMP signaling using dominant negative BMP receptor constructs (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994) , dominant negative BMP-4 proteins (Hawley et al., 1995) , antisense BMP-4 RNA or the inhibitory Smad6 and Smad7 (Hata et al., 1998; Nakayama et al., 1998) results in dorsalized embryos, and sometimes even in the induction of secondary axes. Recently, it has been shown that the organizer secretes three proteins, noggin, chordin and follistatin, which antagonize BMP-4 by binding to it and preventing its interaction with the BMP receptors (Piccolo et al., 1996; Zimmerman et al., 1996; Fainsod et al., 1997; Iemura et al., 1998) .
Although BMP-4 appears to play a central role in the ventral patterning of the mesoderm in the Xenopus embryo, other genes have been identi®ed which may play roles as effectors of this signal (Lemaire, 1996) . Several transcription factors have been identi®ed that exhibit ventral activities. The Xenopus Xvent-1 and Xvent-2 genes, also known as PV.1/Xbr2/Xbr3 and Vox/Xbr1/Xom, respectively, have been shown to exhibit ventral-speci®c patterns of expression (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996; Tidman-Ault et al., 1996) . These genes have been shown to be under regulation of the BMP-4 signaling pathway during gastrulation, and they exhibit ventral activities thus suggesting that they ful®ll in part the functions of BMP-4. Another family of transcription factors exhibiting ventral patterns of expression are the zinc ®nger transcription factors of the GATA family (Zon et al., 1991; Kelley et al., 1994; Walmsley et al., 1994; Bertwistle et al., 1996; Jiang and Evans, 1996) . These factors have been linked mainly to the establishment of the blood lineage and the heart. The GATA genes have been shown to be under regulation of the BMP-4 signaling pathway and they can perform some of the functions attributed to ventral patterning signal (Sykes et al., 1998) . Another transcription factor family with ventral activity is the caudal homeobox gene family. All members of this family are expressed along the blastopore with stronger and wider expression on the ventral marginal zone (Northrop and Kimelman, 1994; Pillemer et al., 1998a) . The Xcad-2 gene has been shown to ful®ll some of the ventral activities attributed to BMP-4 (Pillemer et al., 1998b) . Xcad-2 activity is required for ventral marginal zone expression of BMP-4 (Pillemer et al., 1998b) . Also, although the Xcad genes have been shown to be under regulation of the FGF signaling pathway (Pownall et al., 1996) , BMP-4 has been shown to be able to rescue the loss of FGF signaling (Northrop and Kimelman, 1994; Northrop et al., 1995) . These observations suggest a regulatory loop between the caudal and BMP-4 genes.
The ventral patterning signal has also been shown to include members of the Wnt signaling pathway like Xwnt-8 (Christian and Moon, 1993) . Xwnt-8 is able to ventralize mesoderm and promote the formation of muscle (Christian and Moon, 1993; Cunliffe and Smith, 1994; Hoppler et al., 1996) . Xwnt-8 cooperates with BMP-4 to pattern the mesoderm but the regulatory interactions between them are not well understood (Hoppler and Moon, 1998; Sykes et al., 1998) . Among the downstream effectors of the Xwnt-8 signal is the myogenic transcription factor MyoD (Hoppler et al., 1996) whose expression during early gastrulation is also ventral (Frank and Harland, 1991) . Another gene whose expression can be detected along the ventral marginal zone, is the Xwnt-8 antagonist, sizzled (Salic et al., 1997) .
Here we describe a new Xenopus homeobox gene also playing a role in BMP-4 signaling, Xvex-1. Sequence analysis revealed that no homologues have been isolated. Xvex-1 exhibits a ventral pattern of expression similar to Xvent-1 but its temporal pattern resembles that of Xvent-2. Xvex-1 is under regulation of the BMP-4 signaling pathway during gastrulation. Overexpression of Xvex-1 ventralizes Xenopus embryos in a dose dependent manner and its partial loss-offunction, induced by antisense RNA injection, results in the partial dorsalization of embryos and expansion of the expression domains of dorsal genes like gsc. Xvex-1 can rescue the loss of BMP signaling induced by overexpression of the dominant negative BMP receptor. Xvex-1 represents a novel family of homeobox genes involved in ventral patterning of the mesoderm.
Results

Xvex-1 represents a novel homeobox family
A Xenopus stage 13±15 neurula cDNA library (Bittner et al., 1993) was screened under moderate stringency conditions with the chicken Dbx-2 homeobox probe (Rangini et al., 1991) . The homeobox containing clones were partially sequenced and compared to the GenBank database to assign the clones to the known homeobox gene families. Among the homeobox containing clones was a novel homeobox gene termed Xvex-1 (Xenopus ventral homeobox), which shared the closest homology to the Xenopus Xvent-1 (Gawantka et al., 1995; Papalopulu and Kintner, 1996; Tidman-Ault et al., 1996) and Xvent-2 (Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996) genes. The complete sequence of this cDNA clone was determined (1013 bp). Analysis of this sequence revealed that the cDNA isolated is a partial clone as the ®rst methionine in frame with the homeodomain was only 34 amino acids upstream from it, suggesting that a further upstream methionine was missing. Also, from the comparison to the Xvent-2 protein, assuming that both proteins are similar in size and general organization, it appeared that about 5 amino acids were missing from our cDNA clone. In order to isolate the 5 H end of the Xvex-1 cDNA we used a gastrula stage directional cDNA library made from UV ventralized embryos which was screened by nested PCR. Two primers derived from vector sequences on the 5 H end of the cDNA clones and three nested primers were designed which are speci®c for the Xvex-1 sequence. After PCR screening, the PCR fragments were sequenced. The PCR screening added 59 bp to our sequence including a methionine in the position deduced from the comparison to Xvent-2 protein.
The Xvex-1 cDNA is 1072 bp in length capable of encoding a 285 amino acid long homeodomain containing protein (Fig. 1) . This cDNA has 45 bp and 172 bp of 5 H and 3 H untranslated sequences, respectively (Fig. 1) . The homeodomain of the Xvex-1 protein was found to be 71% identical to the homeodomain of the en/Msx gene from Ambyostoma mexicanum, 56% to Xvent-2, 53% to Xvent-1 and 38% to the chicken Dbx-2 homeodomain ( Fig. 2A) . A small domain (17 amino acids) of high identity (59%) is found between Xvex-1 and Xvent-2 (Fig. 2B) . In both proteins, this domain begins Fig. 1 . Sequence of the Xvex-1 cDNA. DNA sequence of the Xvex-1 cDNA and the sequence of the XVEX-l putative protein product. The Xvex-1 homeobox sequence is shown as underlined. The numbering corresponds to amino acid positions in the protein product. The cDNA and protein sequence information is available under accession no. AF149307.
at the initiator methionine. A second small domain of homology is found downstream of the respective homeodomains (Fig. 2B ).
Xvex-1 is expressed as a ventral gene
The signi®cant homology found between Xvex-1 and the two Xvent genes raised the possibility that the former is also a member of the ventral pathway and as such might be under regulation of BMP-4. In order to determine whether Xvex-1 is expressed as a ventral speci®c gene, its spatial pattern of expression was studied by whole mount in situ hybridization. Xenopus embryos from late blastula to early tailbud stages (stages 8 to 26; Nieuwkoop and Faber, 1967) were hybridized with an Xvex-1-speci®c probe. At the beginning of gastrulation (stage 10) Xvex-1 transcripts can be detected throughout the embryo including the vegetal yolk cells and the animal cap (Fig. 3A) . Subsequently, Xvex-1 transcription undergoes downregulation in the animal cap region. In the marginal zone and the yolk cells on the vegetal side, a wave of restriction of Xvex-1 transcripts can be observed moving from dorsal to ventral, thus restricting the expression of this gene to the ventral marginal zone (Fig. 3B) . By mid/late gastrulation (stage 11.5), Xvex-1 transcription is already localized to the ventral region of the marginal zone (Fig. 3C ). This pattern of expression remains unchanged until the end of gastrulation (Fig. 3D ), when the pattern becomes further re®ned to the ventral region of the slit blastopore (Fig. 3E,F) . The ventral region of the closed blastopore continues to express Xvex-1 also during neurulation (Fig. 3G ). The expression of Xvex-1 will remain in the same relative position even as the proctodeum takes its ventral position in the embryo during the transition to tailbud stages (Fig. 3H,I ). In situ hybridization to blastula stage embryos gave no distinguishable pattern of expression (not shown). The ventral localization of the Xvex-1 transcripts along the marginal zone raises the possibility that this gene plays a role as part of the ventral signal. This pattern of expression is very reminiscent of the expression pattern described for Xvent-1 during gastrulation (Gawantka et al., 1995; Tidman-Ault et al., 1996) .
Xvex-1 expression begins soon after the midblastula transition
Localized expression of Xvex-1 can only be detected from the onset of gastrulation by in situ hybridization analysis. Throughout gastrulation Xvex-1 exhibits a dynamic pattern of transcript localization until its expression becomes restricted to the ventral marginal zone. In order to determine whether this spatial pattern of expression is closely matched by its temporal pattern of expression we were interested in determining whether the major increase in Xvex-1 transcription is close to or during gastrulation. RNA samples were prepared from normal embryos every 30 min from 7 h postfertilization to mid-gastrulation (11.5 h). The temporal pattern of expression of Xvex-1 was determined by RT-PCR of these RNA samples. Xvex-1 transcript levels are very low close to the mid-blastula transition (MBT; Fig.  4 ). Soon thereafter, at early stage 8.5, Xvex-1 transcript levels increase and reach levels similar to those they will exhibit during early and mid-gastrulation (Fig. 4) . This pattern of expression suggests that Xvex-1 transcription is strongly activated soon after MBT even though localized expression can only be detected from the onset of gastrulation.
The sequence of the Xvex-1 homeodomain is slightly more homologous to Xvent-2 than to Xvent-1, on the other hand, the spatial pattern of Xvex-1 expression is very similar to that of Xvent-1 and not Xvent-2 (Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) . In order to determine whether the similarity in expression between Xvent-1 and Xvex-1 can be extended to their temporal patterns, RT-PCR was performed on the same RNA samples using primers speci®c for Xvent-1 and Xvent-2. Interestingly, the Xvent-2 temporal pattern of expression is very similar to that exhibited by Xvex-1 (Fig. 4) . On the other hand the temporal activation of Xvent-1 follows more closely the pattern of BMP-4 expression ( Fig. 4 ; Pillemer et al., 1998b) . These results show that although Xvex-1 exhibits a spatial pattern resembling Xvent-1 it is transcriptionally activated soon after the MBT similarly to Xvent-2.
Xvex-1 ventralizes the Xenopus embryo
In order to study the function of Xvex-1 during embryogenesis we overexpressed this gene ectopically in the Xenopus embryo. Embryos at the four-cell stage were injected in each blastomere with increasing amounts of Xvex-1 mRNA. Embryos injected radially with low amounts of Xvex-1 mRNA (100 pg/blastomere) exhibited a mild phenotype where head structures like eyes and head size were reduced (Fig. 5B) . Embryos in this group exhibited a dorso-anterior index (DAI; Kao and Elinson, 1988 ) of about 4.5. Injection of 200 pg/blastomere of Xvex-1 RNA resulted in embryos with a DAI of about 3.5 (Fig. 5C ). In these embryos, head structures are strongly reduced and the embryonic axis has been shortened. In embryos injected with high amounts of Xvex-1 mRNA (400 pg/blastomere), strong ventralization can be observed (Fig. 5D) . Embryos in this group show a very short body axis and a total lack of head structures (DAI about 1±1.5). The dose dependent ventralization of Xenopus embryos as a function of the level of activity of Xvex-1 further supports the role of this gene as part of the ventral signal.
The results presented above using overexpression Fig. 4 . Zygotic transcription of Xvex-1 begins soon after the midblastula transition. RNA samples were prepared from embryos 7±11.5 h post-fertilization at 30 min intervals. The temporal expression patterns of the Xvex-1, Xvent-1 and Xvent-2 were studied by RT-PCR. The histone H4 gene was used as a loading control. The developmental stage of the RNA samples (Nieuwkoop and Faber, 1967 ) is shown in parenthesis.
approaches place Xvex-1 as a gene capable of ventralizing the Xenopus embryo. In order to further support the role of Xvex-1 as part of the ventral signal a loss-of-function approach was pursued. Wild type Xenopus embryos were injected radially with Xvex-1 antisense RNA, grown to stage 37/38 and subsequently ®xed for phenotypic analysis. In these embryos we can observe a slight dorsalization as evidenced by macrocephaly, shortened body axis, increased size of head structures like cement gland, and posterior truncations or malformations (Fig. 6B) . A small percentage of the embryos, about 10% (n 112), exhibited secondary axes (arrowheads).
Further analysis of the ventral role of Xvex-1 was performed by antisense RNA injection of albino embryos. The embryos were processed for whole mount in situ hybridization with the gsc probe at stage 10.5. In embryos with reduced Xvex-1 activity the region of the blastopore lip expressing gsc is enlarged and encompasses a larger part of the dorsal marginal zone (Fig. 6D ) as compared to control sibling embryos (Fig. 6C) . The effect of antisense Xvex-1 on gsc expression is similar to that described for antisense BMP-4 on the same gene . These results support the role of Xvex-1 in ventral patterning of the embryo.
Regulation of Xvex-1 by the BMP-4 signaling pathway
The ventralizing activity of Xvex-1 raised the possibility that this gene represents a novel homeobox gene family that also functions as an effector of the BMP-4 ventral activity. To test whether Xvex-1 is under regulation of the BMP-4 signaling pathway, embryos were injected with RNAs encoding different elements of the BMP signaling pathway. The RNAs injected included: BMP-4 (Fainsod et al., 1994) , Smad1 (Graff et al., 1996; Thomsen, 1996) , Smad5 (Suzuki et al., 1997) and the inhibitory Smad6 (Hata et al., 1998) . Embryos injected with the different RNAs were processed for in situ hybridization at stage 10.5. In embryos injected with BMP-4 mRNA, the expression of Xvex-1 extends dorsally along the marginal zone in all the embryos (n 24) to a pattern resembling more that of Xvent-2 (Fig. 7B) . This result already places Xvex-1 as a BMP-4 downstream gene during gastrulation. In order to determine whether there is a requirement for BMP-4 activity for normal Xvex-1 expression during gastrulation, embryos were injected with antisense BMP-4 RNA and tested for Xvex-1 expression. Partial loss of BMP-4 activity induced by antisense RNA was enough to almost completely abolish the expression of Xvex-1 in 68% of the embryos (n 25; Fig. 7C ). To further establish the regulatory relationship between BMP-4 and Xvex-1 we manipulated the BMP signaling pathway by overexpressing the effector proteins Smad1 and Smad5 or the inhibitory Smad6 protein. Overexpression of Smad1 and Smad5 results in the strong upregulation of Xvex-1 expression in 82% (n 33) and 79% (n 24) of the embryos, respectively, and in particular its expansion to more dorsal regions along the marginal zone (Fig. 7D,E) . Inhibition of the BMP signaling pathway by overexpression of Smad6, results in the almost complete elimination of Xvex-1 expression in all the injected embryos (n 22; Fig. 7F ). The results using the Smad proteins again support the observation that Xvex-1 expression is under BMP regulation during gastrulation. Together these results and those using BMP-4 sense and antisense RNA suggest, that normal BMP-4 expression is required for maintained and ventral expression of Xvex-1 during gastrulation.
Xvex-1 can rescue the loss of BMP signaling
The results presented show that Xvex-1 has a ventralizing activity and that this gene is under transcriptional regulation of the BMP-4 signaling pathway. In order to test the extent to which Xvex-1 can ful®ll the functions of BMP-4, we designed a rescue experiment. Using truncated versions of the BMP receptor, it has been shown that they function as dominant negative receptor proteins which ef®ciently block BMP signaling (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994; Frisch and Wright, 1998) . Ventral injection of the dominant negative BMP receptor constructs results in the formation of partial embryonic secondary axes Frisch and Wright, 1998) . In order to determine whether Xvex-1 can ful®ll the functions downstream of BMP-4 we tested whether this homeobox gene can abolish the axis induced by blocking BMP signaling. In embryos injected on the ventral side with the dominant negative type I BMP receptor (200 pg; Graff et al., 1994) , 61% (n 30) of the embryos developed partial secondary axis (Fig. 8A) . Co-injection of the same amount of mRNA encoding the dominant negative BMP receptor together with 120 pg of Xvex-1 encoding RNA, resulted in a reduction in embryos with secondary axes to 23% (n 25; Fig. 8B ). Further increase of the amount of Xvex-1 RNA coinjected to 200 pg, reduced the embryos with secondary axes to 13% (n 28) and equal percentage of embryos showed slight ventralization (Fig. 8C) . These results show that Xvex-1 can rescue the effects of the loss of BMP signal- ing induced by the dominant negative BMP receptor, and can thus ful®ll some of the functions of BMP-4.
Discussion
Xvex-1 represents a novel family of homeobox genes
A number of homeobox genes have been identi®ed that are expressed along the ventral marginal zone and can ful®ll ventral activities similar to those attributed to BMP-4. Among them are the Xvent genes (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996; Tidman-Ault et al., 1996) and members of the Xcad family (Northrop et al., 1995; Pillemer et al., 1998a,b) . The Xvex-1 gene described here represents a novel class of homeobox genes expressed in the ventral marginal zone. Sequence comparisons suggest that Xvex-1 encodes for a divergent homeodomain whose homologues in other organisms have not yet been isolated. The closest homology to the Xvex-1 homeodomain was observed by the axolotl gene termed en/Msx (Gardiner et al., 1995) . The axolotl gene is suspected to play a speci®c role in limb regeneration but its early pattern of expression has not been described. The homology between Xvex-1 and en/Msx is about 71% suggesting that these genes are not real homologues in their respective organisms, Xenopus and Ambyosioma. Another group of genes exhibiting signi®cant homology to Xvex-1 are the Xvent genes. Xvent-2 and Xvent-1 exhibit 56% and 53% identity to Xvex-1 homeodomain, respectively (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996; Tidman-Ault et al., 1996) . The other family of homeobox genes with strong ventral expression, the Xcad genes, exhibit even lower homology to Xvex-1, in the range of 40% identity.
Like the Xvent genes, also Xvex-1 has a Thr at position 47 of the homeodomain instead of an Ile characteristic of the Antennapedia class of homeobox genes (Duboule, 1994; Gehring et al., 1994) . A few families of homeobox genes have been identi®ed which have a Thr at position 47 among them the Bar, Hox11 and lady-bird genes (Gehring et al., 1994) . It has been shown that the change from Ile (or Val) to Thr modi®es the DNA sequence recognition preference of these genes (Dear et al., 1993; Jagla et al., 1994) .
Outside the homeodomain, comparisons of the Xvex-1 protein sequence to other homeodomain proteins revealed limited homology to the Xvent-2 protein. Both proteins, Xvex-1 and Xvent-2 share homology along the ®rst 17 amino acids of the protein. An additional, small (9 amino acid) domain of homology downstream from the homeodomain was observed between Xvex-1 and Xvent-2. These conserved domains between Xvex-1 and Xvent-2 together with the homeodomain homology suggest a common evolutionary ancestry for these two genes although, the extent of divergence suggests that presently they represent different families of homeobox genes.
The Xvex-1 ventral expression
Analysis of the spatial pattern of expression of Xvex-1 by in situ hybridization, revealed that with the onset of gastrulation (stage 10; Nieuwkoop and Faber, 1967) transcripts of this gene are observed throughout the embryo. Prior to gastrulation, localized transcripts of Xvex-1 can not be detected by whole mount in situ hybridization. With the progression into gastrulation, the expression of Xvex-1 in the animal cap undergoes a generalized downregulation. On the vegetal side of the embryo, the restriction of Xvex-1 expression to the ventral marginal zone takes the form of a wave of repression spreading from dorsal to ventral. At the onset of gastrulation on the vegetal side, not only the marginal zone cells exhibit Xvex-1 transcript accumulation but also, the large yolk-®lled endodermal cells express Xvex-1 and are in¯uenced by the wave of repression. By stage 11±11.5 the expression of Xvex-1 is restricted to the ventral-most region of the embryo and a gap between the expression domain and the lip of the blastopore is apparent. At stage 12.5 this gap disappears and the Xvex-1 expression abuts the ventral lip of the blastopore. With the onset of neurulation, the lateral aspect of the Xvex-1 expression becomes restricted further and the transcripts of this gene localize to the ventral-most regions of the slit blastopore, and subsequently the proctodeum. This pattern of expression is reminiscent of that described for BMP-4 with an extensive overlap during gastrulation and neurulation (Fainsod et al., 1994; Schmidt et al., 1995) . This partial overlap suggests that Xvex-1 might be linked to the BMP-4 signaling pathway. Comparison of the Xvex-1 pattern of expression to those described for the Xvent genes revealed a strong similarity to the pattern of Xvent-1/PV.1 expression (Gawantka et al., 1995; Tidman-Ault et al., 1996) . In contrast, Xvent-2 exhibits more extensive expression throughout the embryo reaching further dorsal along the marginal zone (Onichtchouk et al., 1996; Dosch et al., 1997) .
Expression of Xvex-1 during blastula
Analysis of the Xvex-1 temporal pattern of expression revealed that transcription of this gene is strongly upregulated soon after MBT although the transcripts can be localized by in situ hybridization only shortly before the onset of gastrulation. Comparison to the BMP-4 temporal pattern of expression reveals that transcripts of Xvex-1 reach high levels during blastula stages, before the main BMP-4 upregulation (Dale et al., 1992; Jones et al., 1992; Fainsod et al., 1994; Pillemer et al., 1998b) . A temporal pattern of expression similar to that of Xvex-1 has been described for the Xvent2/Vox/Xom gene (Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) . These observations suggest that elements of the ventral signaling pathway, like Xvex-1 and Xvent-2, become activated before the main increase in BMP-4 expression during late blastula. Interestingly, both genes come under regulation of BMP-4 during gastrulation (Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996; see below) . Therefore, the early expression of Xvent-2 and Xvex-1 might represent an early function of these genes, independent of BMP-4. Otherwise, their transcriptional activation after MBT might be the result of activation by the low levels of BMP-4 of maternal origin (Dale et al., 1992; Jones et al., 1992) . According to the three signal model most of the mesoderm induced by the vegetal cells assumes a ventral identity and only on the dorsal side, does the mesoderm take up a dorsal identity as a result of specialized signals (Slack, 1991; Smith, 1993) . These specialized signals have been studied extensively and they include elements of the Wnt signaling pathway and their downstream targets (Heasman, 1997; Moon and Kimelman, 1998) . Analysis of BMP-4, a member to the TGFb family, has suggested that this factor plays a central role in the ventral patterning of the mesoderm (Ko Èster et al., 1991; Dale et al., 1992; Fainsod et al., 1994; Jones et al., 1992 Jones et al., , 1996 Schmidt et al., 1995; Steinbeisser et al., 1995) . Using numerous approaches including dominant negative BMP-4 protein (Hawley et al., 1995) , antisense RNA or by blocking the BMP signaling pathway using dominant negative BMP receptors (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994) or the speci®c inhibitory Smad6 and Smad7 genes (Hata et al., 1998; Nakayama et al., 1998) , the results suggested that the ventral patterning of the mesoderm is the result of BMP-4 activity during gastrulation. These observations were further supported by experiments studying the effects of BMP-4 on formation of the organizer and expression of genes within it Jones et al., 1996) . In addition, it was shown that as a result of ventralizing treatments, BMP-4 is expressed at high levels prematurely (Fainsod et al., 1994) . This active ventralization of the mesoderm from the onset of gastrulation questioned the ventral characteristics of the induced mesoderm during blastula stages. Therefore, the early, strong and widespread expression of genes like Xvex-1 and Xvent-2 could account for the ventral characteristics of the marginal zone prior to gastrulation.
It has been shown that the process of establishment of the dorsal side of the embryo and subsequently, the organizer, initiates with sperm entry and cortical rotation (Moon and Kimelman, 1998 ). An important step in this process is the nuclear localization of b-catenin (Huber et al., 1996; Schneider et al., 1996) . This b -catenin signal is required at the time zygotic transcription is activated (Wylie et al., 1996) . From MBT onwards a series of genes is activated starting with siamois and twin (Lemaire et al., 1995; Laurent et al., 1997) and continuing with genes like goosecoid (Cho et al., 1991) . At the same time these dorsal or organizer speci®c genes are being activated, Xvex-1 and Xvent-2 are also being transcriptionally activated and upregulated. Similar to the situation during gastrulation, where an interplay between dorsal and ventral genes results in the patterning of the marginal zone, during blastula stages ventral genes appear to function in parallel to genes responsible for the establishment of the organizer. This co-expression raises the possibility that the ventral genes like Xvex-1 and Xvent-2 perform a regulatory role on the process of establishing the organizer, preventing dorsal gene expression outside the prospective dorsal lip region.
The ventral homeobox genes downstream of BMP-4
A number of homeobox genes have been identi®ed which exhibit characteristic ventral patterns of expression. In all cases the relationship between the homeobox gene and BMP-4 has been studied. Xvex-1 as in the case of Xvent-1/ PV.1 and Xvent-2/Vox/Xom is upregulated by BMP-4 overexpression (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996; TidmanAult et al., 1996; Dosch et al., 1997) . In the case of Xvex-1 we have been able to show that the BMP speci®c Smads, Smad1 and Smad5 upregulate this gene, while blocking BMP-4 -signaling either with antisense BMP-4 RNA or the inhibitory Smad6 resulted in the almost complete elimination of Xvex-1 expression. These results show that Xvex-1 is under regulation of the BMP signaling pathway during gastrulation, and BMP-4, is necessary for its normal expression. Xvent-2 expression has also been studied under conditions where BMP signaling was blocked with the dominant negative BMP receptor (Ladher et al., 1996; Dosch et al., 1997) . In this case it was also shown that Xvent-2 expression requires normal BMP signaling and this requirement is in particular strong prior to gastrulation. Xvent-1 expression also exhibits a requirement for BMP-4 signaling during gastrulation (Dosch et al., 1997) . Regulation of Xvent-1 by BMP-4 appears to be indirect through another transcription factor in the ventral signaling pathway, GATA-2 (Sykes et al., 1998) . GATA-2 does not affect the expression of Xvent-2 and BMP-4.
As expected from downstream effectors of BMP-4, all three genes, Xvex-1, Xvent-1 and Xvent-2, have a ventralizing effect when overexpressed in Xenopus embryos (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996; Tidman-Ault et al., 1996) . All three genes can reverse the axis inducing effects of blocking BMP signaling by overexpression of a dominant negative BMP receptor (Onichtchouk et al., 1996; TidmanAult et al., 1996) .
Loss of ventral signaling allows dorsal activity
The ventralizing and rescuing activities of all three genes place them as part of the ventral signaling pathway with the capacity to antagonize the formation of the organizer. Xvex-1 like Xvent-1 and Xvent-2 appears to function primarily as a transcriptional repressor (Onichtchouk et al., 1998; Shapira et al., unpublished data) . Therefore the question arises as to the mode of action of all three homeobox genes. As repres-sors, Xvex-1, Xvent-1 and Xvent-2 should promote ventral development by repressing dorsal genes, which in turn repress genes in the ventral signaling pathway. One candidate for such a dorsal gene is gsc, which recently was shown to function primarily as a repressor (Ferreiro et al., 1998) and is a direct target of Xvex-1 (Shapira et al., in preparation). Other organizer speci®c genes are targets of these ventral transcription factors like XFKH-1/XFD-1 H which is directly repressed by Xvent-1 (Friedle et al., 1998) . Antimorphic versions of Xvent-1 and Xvent-2 have been studied by fusing their homeodomains to the activation domain of the VP16 protein (Onichtchouk et al., 1998) . Both VPXvent-1 and VPXvent-2 can induce secondary axis when injected ventrally, and they can upregulate dorsal and lateral genes in the ventral marginal zone. These results suggest that the dorsal genes normally repressed by them, are now being actively upregulated. For Xvent-2 a dominant negative version was also constructed, this protein has a secondary axis inducing activity (Onichtchouk et al., 1998) . Similarly, in the case of Xvex-1, antisense RNA injections give rise to dorsalized embryos and embryos that develop secondary axes. This axis inducing activity as a result of blocking the activity of the ventral transcription factors is reminiscent of the situation where BMP signaling is blocked with the dominant negative BMP receptor (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994) , overexpression of the inhibitory Smad6 and Smad7 (Hata et al., 1998) , or overexpression of BMP-4 antagonists like gremlin, chordin or follistatin (Sasai et al., 1994 Hsu et al., 1998) . In all these cases, a secondary dorsal axis is formed by blocking, to different extents, the ventral signaling pathway. This observation raises the possibility that once the repression on the dorsal-speci®c genes is reduced or eliminated, organizer-speci®c gene expression is upregulated and a secondary axis is formed. Together these observations suggest that elements of the ventral signaling pathway are active from MBT to gastrulation in the regulation of the establishment of the organizer by repressing dorsal gene expression.
Experimental procedures
Cloning of Xvex-1
A Xenopus cDNA library of stage 13±15 neurula embryos (Bittner et al., 1993) in lambda-ZAP II (Stratagene) was screened with the chicken Dbx-2 (formerly CHox-E; (Rangini et al., 1991) homeobox probe. Screening was performed under moderate stringency conditions (McGinnis et al., 1984) . Sequencing was performed on the initial Xvex-1 clone (1013 bp) which identi®ed it as a homeobox gene with closest homology to Xvent-1 and Xvent-2. To complete the cDNA clone of Xvex-1 a directional (NotI±EcoRI) gastrula stage cDNA library prepared from UV ventralized embryos in pBluescript SK (Stratagene) was PCR ampli®ed with a series of nested primers. The two forward primers were from the plasmid itself (T3, 5 H AATTAACCCTCAC-TAAAGGG and M13 reverse 5 H GGAAACAG-CTATGAC-CATG) the reverse primers were prepared based on the sequence of Xvex-1 itself, primer 1, 5 H GCAGGAACCA-CCATTAAG; primer 2, 5 H ATCAAGCTCTTGTGGTGC; primer 3, 5 H GTGAAGCCATTCTACTGAG. The three sequential PCR reactions performed were: PCR #1, M13 reverse/primer 1, PCR #2, T3/primer 2 and ®nally PCR #3, T3/primer 3. The ®nal PCR product was sequenced and it added 69 bp to the initial clone.
DNA clones and preparation of capped RNA
The full length Xvex-1 cDNA is toxic to bacteria, therefore, in order to prepare capped wild type sense RNA the template was prepared by RT-PCR. The forward primer included sequences speci®c for Xvex-1 in addition to the sequence of the T7 RNA polymerase promoter, 5
H CGTAATCGCACTCACTATAGGGGAGGAAACACA-AAGTTGAAG. The downstream primer used included a 15 bp oligo dT sequence in order to include all the 3 H untranslated sequence. The identity of the PCR product obtained was con®rmed in addition to its size, by restriction digests. Capped RNA was prepared by transcribing the PCR product with T7 RNA polymerase using the RiboMax kit (Promega) and adding cap analog (Boehringer or Pharmacia) at a ratio of 5:1 to GTP. The RNA transcribed was cleaned using the RNAeasy kit (Qiagen).
RT-PCR
RT-PCR for the analysis of gene expression was performed as previously described (Fainsod et al., 1994) with minor modi®cations. Instead of radioactive labeling of the PCR products, once elctrophoresed the gels were stained with the quantitative stain SYBR Green I (Molecular Probes) as described by the manufacturer and the gel was scanned and quantitated with a Flourescent Image Analyzer (FLA 2000, Fuji®lm) .
The primers used for RT-PCR were: Xvex-1, forward 5 H GAGGAAACACAAAGTTGAAG, reverse 5 H GCAGG-AACCACCATTAAG; Xvent-1, forward 5 H GCATCTCCT-TGGCATATTTGG, reverse 5 H TTCCCTTCAGCATGG-TTCAAC; Xvent-2, forward 5 H TGAGACTTGGGCACTG-TCTG, reverse 5 H CCTCTGTTGAATGGCTTGCT; histone H4, forward 5 H CGGGATAACATTCAGGGT-ATCACT, reverse 5
H ATCCATGGCGGTAACTGTCTT-CCT.
In situ hybridization
Whole mount in situ hybridization analysis of gene expression was performed as previously described by Epstein et al. (1997) . Digoxigenin labeled RNA probes were prepared from linearized plasmids transcribed in vitro using the RiboMax transcription kit (Promega) and the Dig RNA labeling mixture (Boehringer). Analysis of the Xvex-1 expression pattern was performed by preparing probes from a mutant cDNA clone, pC3XV3(fs), linearized with Kpn I and transcribed with SP6 RNA polymerase. This mutant cDNA clone of Xvex-1 in pCDNA3, is a full length clone selected for its ability to grow in bacteria and it has a deletion of the G at position 140 thus resulting in a frameshift mutant. gsc probes were prepared from the H7 clone (Cho et al., 1991) , linearized with EcoRI and transcribed with the T7 RNA polymerase.
